unshaded sites in southern USA when exposed to high summer temperatures (Van Santen and Sleper, 1996) .
Overstory trees can either complement or constrain respectively). Averaged across harvests, orchardgrass persisted better understory herbage production and nutritive value.
in loblolly pine alleys (72% stand) than in the control (44% stand)
Trees can favorably alter the understory microclimate while tall fescue persisted better in the control (30% stand) than in and protect herbage by reducing loblolly pine (13% stand). Persistence in shortleaf pine alleys was evapotranspiration during drought (Frost and McDou- intermediate for both herbage treatments. Yields of orchardgrass and the binary mixture did not differ in pine alleys (1300 kg ha Ϫ1 ) and gald, 1989) , minimizing deleterious interactions of heat were usually greater than tall fescue yields (Յ700 kg ha Ϫ1 ). Crude stress and high light intensity on photosynthesis of C 3 protein was higher in loblolly pine alleys (172 g kg Ϫ1 ) than in the species (Lin et al., 1999) and reducing radiation frost control (141 g kg Ϫ1 ). Gas exchange parameters were similar for tall damage (Feldhake, 2002) nutrients, and allelopathy (Clason and Sharrow, 2000;  with tall fescue for pine alleys in the midsouth USA. Garrett and McGraw, 2000) . The objective of this study was to examine effects of alley crop environment on persistence, herbage yield, nutritive value, and gas ex-T he use of land resources can be increased when change of two shade-tolerant herbage grasses. herbage, livestock, and wood fiber production are integrated in maturing loblolly pine plantations (Clason, MATERIALS AND METHODS 1999). Alley crop productivity is influenced by many factors, including the interaction of crop and tree species Site Description in space and time. Potential herbage species for alley
The experimental area was located near Booneville, AR crop systems have been discussed (Clason and Sharrow, is needed to assess alley crop productivity and susLoblolly, longleaf (Pinus palustris Mill.), and shortleaf pines tainability in specific systems.
were planted in a north-south orientation in spring 1992 in four-row blocks 30 m long, spaced 1.2 m within rows and 4.9 m Tall fescue and orchardgrass have substantial shade between rows (Pearson, 1994). tolerance and silvopastoral value (Blake et al., 1966;  Tree survival was 72 and 77% for loblolly and shortleaf Clason and Sharrow, 2000) . Tall fescue has broad adaptpine, respectively, in 1999. Branches were pruned in 1999 to ability, persistence, and nutritive value (Burns and a minimum stem diameter of 8.5 cm (a height of about 2.3 m) Chamblee, 1979) and is the predominant cool-season and 9.0 cm (a height of about 3 m) for shortleaf and loblolly herbage grass in the central highlands of Arkansas. Orpine, respectively. This left about 40 to 50% of the canopy chardgrass has a more narrow range of adaptation than unpruned. Pruning debris was removed from the site. Trees tall fescue and is a minor pasture component in much were not thinned, except that a few broken trees were removed following a December 2000 ice storm. Longleaf pine survival of the USA. Orchardgrass is at its extreme southwestern was only about 20%, so survivors were removed in 1999 to range in the central highlands of Arkansas (Jung and create the unshaded control treatment (Fig. 1) . K, respectively. Lime (3.4 t ha
Ϫ1
) and fertilizer (56 kg ha
Herbage Sampling and Analysis each of N, P, and K) were applied in summer 1999. Soil was Botanical composition (percentage orchardgrass, tall fescultivated to 15-cm depth to prepare the seedbed and incorpocue, other grasses, and forbs) was measured for each plot rate soil amendments.
using two-dimensional point quadrats (Wilson, 1959) tion. Yield of seeded herbage was calculated from plot yield, Rainfall was measured in the control with a standard rain percentage dry matter, and botanical composition. gauge.
Tree height, using a clinometer, and diameter breast height
Leaf Gas Exchange
(1.3 m above ground surface), using a diameter tape, were measured annually from 1999 to 2001. Tree canopy cover was Rates of net photosynthesis or CO 2 exchange (CER), stomeasured once annually in 2001 and 2002 at 1.3 m above matal conductance, and transpiration were measured to deterground surface in alley middles at four randomly selected mine shade response across a range of soil moisture. Measurelocations within each tree plot using a CI-110 digital plant ments were taken on clear, sunny days between 0900 and canopy imager (CID, Vancouver, WA) . 1100 h CST between June and October 2000 (nine dates) and 2001 (13 dates). Three tall fescue and orchardgrass plants were measured at two levels of irradiance, shade vs. sunpatch (Smith et al., 1989) , in loblolly pine alleys on each sampling date.
using a CI-301PS portable gas analyzer (CID, Vancouver, analysis (Steel and Torrie, 1980) , but because this did not alter interpretations of F tests, data remained untransformed. Data WA). The instrument was calibrated according to the manufacturer's instructions and configured as an open system, ambiwere analyzed by repeated measures with a first-order autoregressive covariance structure [AR(1)], using harvests as the ent air temperature and relative humidity, constant CO 2 concentration of 360 ppm using a CI-301AD control unit, and repeated effect (Littell et al., 1996) . Means were separated using Fisher's protected LSD test at P Յ 0.05 (Steel and 0.7 L min Ϫ1 air flow. Five gas measurements were taken at 1-min intervals for each leaf and averaged. Gas exchange was Torrie, 1980) . Temperature and soil moisture data were averaged across not measured during periods of drought stress when tall fescue leaves were visibly curled. Water use efficiency (WUE, a unitenvironments because environments did not differ (P Ն 0.05), and least-squares means and standard errors were computed less parameter) was calculated as the ratio of CER/stomatal conductance (Dickmann et al., 1992) .
for each year and month within year using the MIXED procedure of SAS (SAS Inst., 1998). Long-term air temperature and rainfall data were calculated from records of the Booneville
Experimental Design and Statistical Procedures
Human Development Center, located about 2.5 km from the The experiment was analyzed as a split-split plot design study site, for 1957 through 2000 (personal communication, replicated six times. Alley environment, herbage treatment, 2001). and harvest were main plot, split plot, and split-split plot, Water use efficiency was log10-transformed to assure norrespectively. Data were subjected to analysis of variance using mal distribution and homogeneity of variance (Steel and Torthe restricted maximum likelihood estimation method in the rie, 1980). Year, date within year, plant within date and year, MIXED procedure of SAS (Littell et al., 1996 ; SAS Inst., year ϫ species, irradiance ϫ date within year, irradiance ϫ 1998). Degrees of freedom were calculated by Satterthwaite's year, and year ϫ species ϫ irradiance were random effects, approximation method (Littell et al., 1996) . All effects were and species, irradiance, and species ϫ irradiance were fixed considered fixed in determining the expected mean squares effects in the MIXED analysis (Littell et al., 1996) . Gas exand appropriate F tests in the analysis of variance, except change data also were regressed against volumetric soil moisreplication and interactions of replication with fixed effects. ture using the REG procedure (SAS Inst., 1998) to examine Botanical composition data were sin Ϫ1 y 1/2 transformed before these relationships (Ellsworth, 2000) .
RESULTS

Alley Microenvironment
Mean air temperature for April to July tended to be above average in 2001 ( (Fig. 4) . Loblolly pine also L.). Weedy grasses were more prevalent (P ϭ 0.01) in had nearly twice the canopy cover (P Յ 0.001) as tall fescue plots (22%) than in orchardgrass (16%) or shortleaf pine (Fig. 5) .
the binary mixtures (14%). The change in botanical composition of seeded spe-
Botanical Composition
cies across harvests was an indicator of persistence. The interaction of harvest with herbage species was signifiIn April 2000, plots were dominated by the weedy, cant (P Ͻ 0.05) for orchardgrass and tall fescue annual grasses cheatgrass (Bromus tectorium L.) and (Table 1) . Persistence did not differ (P Ն 0.10) whether little barley (Hordeum pusillum Nutt.). In subsequent orchardgrass was sown as a monoculture or as a binary harvests, seeded species often comprised Ͼ65% of plot mixture with tall fescue (Fig. 6A) . Surprisingly, volunbotanical composition. Other weedy grasses and grassteer orchardgrass was common (mean ϭ 31% across like species observed during the study included sedge harvests) in plots seeded with tall fescue. This was unex-(Carex spp.), crabgrass (Digitaria spp.), foxtail (Setaria pected because orchardgrass was not a significant sward spp.), and, in control, johnsongrass [Sorghum halepense component at initiation of the study. plots sown with tall fescue (Fig. 6B) . However, when sown in a binary mixture with orchardgrass, tall fescue 0.001) for tall fescue and orchardgrass composition *** Significant at the 0.001 level.
( Table 1) . Orchardgrass persisted better (P Յ 0.05) in † NS, not significant at P Յ 0.10. ‡ Significant at the 0.10 level.
loblolly pine alleys than in the control (Fig. 7A) . Con- and seeded species (Table 2) . Except for the April 2000 harvest, when weedy grasses dominated plots, both meaversely, tall fescue tended to persist better in the control sures of dry matter yield responded similarly to harvest than in loblolly pine alleys (Fig. 7B) . For both herbage date ( Fig. 9A and 9B ). Yields tended to be higher in species, persistence in shortleaf pine alleys tended to be the control than in pine alleys. Across harvests, yield of intermediate to that in control and loblolly pine alleys.
all botanical components in pine alleys was about 70% Averaged across harvests, orchardgrass persistence was (P Յ 0.001) of the control (1600 and 2300 kg ha
Ϫ1
, respecbetter (P Յ 0.05) in loblolly pine alleys (72% stand) tively). than in the control (44% stand) while tall fescue persisDry matter yield of seeded species also had a signifitence was better (P Յ 0.05) in the control (30% stand) cant (P Յ 0.001) alley ϫ herbage interaction (Fig. 10) . than in loblolly pine (13% stand).
In the control, the binary mixture yielded more (P Յ 0.05) than either monoculture (1700 vs. 1300 kg ha
),
Herbage Yield
and yields of orchardgrass and tall fescue did not differ (P Ն 0.10). The binary mixture yielded about 1300 kg Harvest ϫ herbage interactions were detected (P Յ ha Ϫ1 in pine alleys, which was 25% less (P Յ 0.05) than 0.001) for both yield estimates (Table 2 ). For yield of in the control (1700 kg ha
Ϫ1
). However, tall fescue yield all botanical components, the interaction seemed to be in loblolly and shortleaf pine alleys (500 and 700 kg caused by change in ranking across harvests rather than ha Ϫ1 , respectively) was less (P Ͻ 0.05) than yield of difference in yield between herbage treatments (Fig. orchardgrass and the binary mixture (1100-1300 kg ha Ϫ1 ). 8A). For yield of seeded species, orchardgrass and the binary mixture were comparable at most harvest dates Herbage Nutritive Value (Fig. 8B ), but tall fescue was lower yielding (P Յ 0.05) in 2001.
Crude protein had significant (P Յ 0.001) harvest ϫ herbage and harvest ϫ alley interactions (Table 2) . For Harvest ϫ alley interactions were detected (P Յ 0.001) for dry matter yield of all botanical components the harvest ϫ herbage interaction, herbage treatments changed in ranking among harvests (Fig. 11A ). There creased with increasing canopy cover according to the order control (141 g kg
) Ͻ shortleaf pine (159 g were few differences among herbage treatments at any given harvest date, except that orchardgrass had higher kg (Table 2 ). Herbage NO 3 -N increased in pine alleys between these harvest dates kg Ϫ1 ) Ͼ binary mixture (156 g kg Ϫ1 ) Ͼ tall fescue (151 g kg Ϫ1 ). The harvest ϫ alley interaction may be explained (P Ͻ 0.05), but control herbage did not (Fig. 12 ).
There was a significant (P Յ 0.001) harvest ϫ herbage by a proportional change in alley responses at the June 2001 harvest (Fig. 11B) . Otherwise, crude protein ininteraction for IVDMD concentration (Fig. 13) . Or- chardgrass and the binary mixture tended to have higher herbage IVDMD than that of tall fescue at each harvest.
Herbage Physiology
Mean midday irradiances differed (P Ͻ 0.001) between shade and sunpatch treatments in loblolly pine alleys, 130 and 1470 mol m Ϫ2 s
Ϫ1
, respectively. Compared with sunlit herbage, shaded herbage had lower (P Յ 0.01) transpiration (3.7 vs. 5.3 mol m Ϫ2 s
) and higher stomatal conductance (130 vs. 84 mmol m Ϫ2 s Ϫ1 ). However, shaded herbage also had lower (P Ͻ 0.001) CER (4.1 vs. 10.7 mol m Ϫ2 s
) and water use efficiency on the physiological basis for yield differences between the herbage species. Orchardgrass and tall fescue did data agree with those of Devkota et al. (2001) , who not differ (P Ͼ 0.20) in CER (7.0 and 7.8 mol m Ϫ2 s
, concluded that canopy cover should be kept in the 40 respectively), but tall fescue had higher rates (P Յ 0.05) to 50% range in deciduous tree silvopastoral systems of transpiration (4.7 vs. 4.3 mol m Ϫ2 s
) and stomatal to maintain pasture production at about two-thirds of conductance (118 vs. 95 mmol m Ϫ2 s Ϫ1 ) compared with the control. orchardgrass. Species ϫ irradiance interactions were not Unlike tall fescue, orchardgrass persisted better under significant for gas exchange parameters (P Ն 0.13). There was no significant change in physiological response across the range of volumetric soil moisture (15-30%), suggesting that tall fescue and orchardgrass differed little in drought response in pine alleys.
DISCUSSION
The adoption of agroforestry practices in the USA is limited in part by inadequate knowledge of crop performance in tree alleys. The alley environment can be amenable to herbage production when designed and managed to accommodate light and soil moisture constraints. Nevertheless, herbage production usually is lower in agroforestry systems than in less competitive environments (Gillespie et al., 2000) . In this study, herbage yield in pine alleys was about 70% of the control. Knowles et radiata D. Don reached about 70% canopy cover. The 2003). Allard et al. (1991a) found that IVDMD of tall fescue was unaffected by growth in the shade, and these data support their finding. Struik (1983) found that shaded maize (Zea mays L.) had lower digestibility than the control and suggested that shading affected cell wall content.
Light is the major environmental constraint to growth and reproduction of understory plants (Chazdon and Pearcy, 1991) . Allard et al. (1991b) concluded that anatomical and physiological adaptations limit photosynthetic capacity and the ability to respond to increased irradiance and CO 2 of tall fescue grown continuously in the shade. Continuous, uniform shade rarely occurs in agroforestry systems because herbage receives direct and indirect illumination of varying duration and intensity during the day. Sunflecks or sunpatches account for 20 to 80% of the daily CO 2 exchange by understory less responsive to available sunlight, and lower yielding, than plants receiving full sunlight (Allard et al., 1991b) . the denser canopy of loblolly pine alleys and had higher It seemed reasonable that water use efficiency was lower dry matter yields. Burner and Brauer (2003) postulated in shade vs. sun because of higher stomatal conductance that tall fescue was not sustainable in low-input swards in the shade. The physiological protection (lower tranin loblolly pine alleys subjected to only two (spring spiration) afforded by pine shade was more than neand fall) mechanical harvests per year. Thus, concerns gated by reduced CER. There was a higher rate of remain about the sustainability of tall fescue monocultranspiration in tall fescue than orchardgrass, which tures in agroforestry systems. The introduction of livecould conceivably increase its susceptibility to drought stock into this system could affect species persistence stress and cause lower yield. However, herbage redue to preferential grazing of orchardgrass. For examsponses were comparable for CER, transpiration, and ple, orchardgrass did not persist well in conifer-shaded stomatal conductance across a range of soil moisture, swards grazed by sheep (Ovis aries L.) in West Virginia suggesting little difference in drought tolerance. (Belesky et al., 2001) . Further, gaps in the sward due Producers have considerable flexibility in designing to reduced tillering (Devkota et al., 2001 ) could provide agroforestry systems in terms of tree and alley crop entry points for weeds. The relative persistence of orspecies, alley width, tree row spacing, and management. chardgrass and tall fescue in pine silvopastures needs Orchardgrass in monoculture or in binary mixture with further study.
tall fescue was more productive than tall fescue monoHarvest ϫ herbage treatment interactions indicated culture in this study. The most likely application of this that nutritive value (crude protein and IVDMD) generdesign would be for silvopasture. ally was higher for orchardgrass than tall fescue, with the binary mixture being intermediate. Herbage crude protein also tended to increase with shading. Crude , 1991a; Burner and Brauer, 2003; Neel et al., 2001) Reno, OK, conducted the NO 3 -N analysis.
although exceptions also have been noted (Peri et al., 2001; Watson et al., 1984) . The relationship generally REFERENCES holds for warm-season grasses as well (Cruz et al., 1999;  Allard, G., C.J. Nelson, and S.G. Pallardy. 1991a. Shade effects on Smith and Whiteman, 1983) . Shade, drought, and N growth of tall fescue: I. Leaf anatomy and dry matter partitioning. creased with increasing alley width (Burner and Brauer,
